Interannual variability of the phytoplankton community by the changes in vertical mixing and atmospheric deposition in the Ulleung Basin, East Sea: A modelling study  by Lee, Soonmi & Yoo, Sinjae
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The  East  Sea  (Japan  Sea)  ecosystem  has  experienced  a signiﬁcant  warming  and  ever-increasing  anthro-
pogenic  atmospheric  deposition  of  nitrogen  during  recent  decades.  To understand  the impacts  of  such
environmental  changes  on  the  planktonic  community,  we  set  up a zero-dimensional  European  Regional
Seas Ecosystem  Model  (ERSEM)  in  the  Ulleung  Basin,  East  Sea  for  the  years  2001–2012.  The  model  results
show  that  as  the winter  maximum  mixed  layer  depth  (MMLD)  changes,  the  growth  and  grazing  loss  of
phytoplankton  functional  types  (PFTs)  are  affected  differently,  resulting  in  differential  success  of  PFTs
in the  upper  mixed  layer. Diatoms  pre-empted  the  early  spring  growth  by  better  utilization  of  light
and  nitrate.  Diatoms’  advantages  lessened  as  the MMLD  decreased.  Flagellates  and picophytoplankton
showed  mixed  responses  to  decreased  MMLD.  Their  net  primary  productivity  (NPP) and  peak  biomass
decreased  but their  annual  biomass  increased  due to decreased  grazing.  Dinoﬂagellates  always  did  better
when MMLD  decreased.  The  model  results  also indicate  that with  an  increase  in  atmospheric  deposition,
the  picophytoplankton  and the ﬂagellates  increased  in summer,  whereas  the  dinoﬂagellates  and  the
diatoms  decreased.  For  the  study  period,  the  atmospheric  deposition  in the  Ulleung  Basin  increased  the
annual  net  primary  production  by 4.58%  (mean;  range  3.77–10.58%).  Biological  variables  showed  the
largest  responses  in summer  with high  year-to-year  variability.  Picophytoplankton  increased  the most
(summer  increase  mean:  23.23%;  summer  increase  range:  9.12–42.6%)  while  dinoﬂagellates  decreased
the  most  (summer  decrease  mean:  −2.33%;  summer  decrease  range:  −9.09  to 10.13%).  The changes  in
ﬂagellates  and  diatoms  were  much  less. Taking  the  results  together,  it  is  likely  that  as  the  warming  and
atmospheric  deposition  continue  to intensify  into  the future;  the  phytoplankton  community  in  the region
will  shift  to  smaller  phytoplankton  with  consequent  changes  of  food  web  structure  to  follow.
© 2015  The  Authors.  Published  by  Elsevier  B.V.  This  is  an  open  access  article  under the  CC  BY-NC-ND. Introduction
The composition of the phytoplankton community plays an
mportant role in controlling marine biogeochemical cycling and
rimary production (Doney et al., 2002; Falkowski et al., 2003).
he phytoplankton groups have different nutrient requirements
nd utilization methods (Falkowski et al., 2004; Litchman et al.,
007; Jennings et al., 2008; Finkel et al., 2009) and are grazed by
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nd Education, Korea Institute of Ocean Science & Technology, Gujwa Iljudongro
670, Jeju, South Korea. Tel.: +82 64 798 6070; fax: +82 64 798 6085.
E-mail address: sjyoo@kiost.ac.kr (S. Yoo).
ttp://dx.doi.org/10.1016/j.ecolmodel.2015.11.012
304-3800/© 2015 The Authors. Published by Elsevier B.V. This is an open access article unlicense (http://creativecommons.org/licenses/by-nc-nd/4.0/).
different zooplankton groups (Sterner and Elser, 2002). For exam-
ple, diatoms transport carbon to the deep ocean through rapid
sinking and have a great effect on carbon export production.
Their frustules are an important determinant of the silicon cycle
(Smetacek, 1999). Diatoms are also an important food web ele-
ment supporting large ﬁsh populations. Therefore, it is important
to predict present and future changes in phytoplankton commu-
nity composition to understand how the marine ecosystem is
inﬂuenced by environmental changes such as warming and anthro-
pogenic forcing.In recent decades, climate warming and the increase in anthro-
pogenic nutrient inputs to surface waters have been major issues
in the oceans. Recent models have begun to include many dif-
ferent phytoplankton functional types (PFTs) and zooplankton
der the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Fig. 1. Map of the study area with bathymetric contours. The black circle indicates
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D04−09  station (37◦N, 130.6◦E) of the KODC. The rectangular box shows the model
omain. The shaded arrows denote major currents of the area—TWC: Tsushima
arm Current, EKWC: East Korean Warm Current.
unctional types (ZFTs) in an attempt to understand the effect
f these marine environmental changes on the marine ecosys-
em and biogeochemical cycling. Several studies have suggested
hat microphytoplankton were reduced when the mixed layer
epth (MLD) became shallower in the north-western Mediter-
anean basin (Auger et al., 2014) and large phytoplankton such
s diatoms might decrease as the vertical mixing is attenuated
y climate warming (Lewandowska et al., 2014). The atmospheric
itrogen inputs entering the open ocean could increase the primary
roduction and the effects of increasing atmospheric deposition are
xpected to continue to grow in the future (Duce et al., 2008).
The East Sea (Sea of Japan), surrounded by the Korea Peninsula,
apan and Russia, is a semi-enclosed marginal sea of the north-
estern Paciﬁc (Fig. 1). It has some features characteristic of the
cean, such as thermohaline circulation, western boundary cur-
ent, meso-scale eddies and coastal upwelling, so it is sometimes
eferred to as a “miniature ocean” (Ichiye, 1984). The East Sea has
lso undergone two major marine environmental changes over
he last several decades and can serve as a model case to study
he impacts of the two major decadal changes mentioned above.
able 1
ata sources for model input or validation.
Data Data provider 
Chlorophyll a concentration Ocean Biology Processing Group, National
Aeronautics and Space Administration (NAS
HPLC  pigment Korea Institute of Ocean Sciences & Technol
Temperature Korea Ocean Data Center 
Salinity Korea Ocean Data Center 
Cloud  cover Korea Meteorological Administration 
Nutrients for vertical mixing Korea Institute of Ocean Sciences & Technol
Nutrients for atmospheric deposition Literature reviews lling 322 (2016) 31–47
Firstly, the East Sea has been in a warming trend in the upper
1000 metres since the late 1980s (Kim et al., 2001). Like other
mid-latitude regions, vertical mixing is a dominant source of nutri-
ent supply in the East Sea (Yentsch, 1990; Dugdale et al., 1992;
Onitsuka and Yanagi, 2005). If the vertical mixing in the middle
latitudes decreased through climate warming, it would limit the
nutrient supply and decrease the total phytoplankton near the sur-
face (Doney, 2006). Secondly, the N* (the relative abundance of N
over P on the basis of the N:P ratio, 13:1) has steadily increased in
the surface waters since the 1980s (Kim et al., 2011b). Kim et al.
(2011b) suggested that the atmospheric deposition by Asian NOx
emission related to rapid industrialization might have caused the
increase in N*. The increase in anthropogenic nitrogen inputs to
surface waters might bring about changes in the N:P ratio and
eventually inﬂuence the marine ecosystem.
Despite the evident decadal environmental changes, the
responses of the East Sea ecosystem have not been adequately
studied. Most studies have focused on the spatial and temporal
variability in the biomass of total phytoplankton or some groups
mainly due to the lack of long-term observation of phytoplank-
ton community composition. These studies put forward hypotheses
about the key physical processes that underlie the variability (Kim
et al., 2000, 2007; Yamada et al., 2004, 2005; Chiba et al., 2008).
The lack of detailed observation has prompted the use of ecosys-
tem models to test hypotheses about the marine environmental
changes affecting the phytoplankton community composition.
Nutrient-phytoplankton-zooplankton-detritus (NPZD)-type mod-
els have been used in some studies to understand the seasonal
variations of the phytoplankton blooms and nutrients dynamics
(Onitsuka and Yanagi, 2005; Onitsuka et al., 2007, 2009). These
models have only one nutrient component, nitrogen, and one or
two phytoplankton groups, so they cannot take account of the com-
plex dynamics of PFTs and ZFTs.
In this study, we used a zero-dimensional European Regional
Seas Ecosystem Model (ERSEM) whose structure includes four
nutrient elements, four PFTs and three ZFTs to understand the
dynamics of the phytoplankton community clearly and to look
more deeply into the biological processes. The key questions that
we address are: (1) how do the changes in vertical mixing and
atmospheric deposition alter the phytoplankton community com-
position and the primary production? (2) what is the relative
contribution of the major sources to the annual nutrient supply?
2. Data and methods
2.1. Data sources
In order to investigate the interannual variability of PFTs, the
station 104–09 (37.0◦N, 130.6◦E) of the Korea Ocean Data Center
(KODC), located in the middle of the Ulleung Basin, was selected as
a representative site of the model domain (Fig. 1). At this station,
there are various available data including long-term oceanographic
Description
A)
Point (37.0◦N, 130.6◦E), 2001–2012, monthly reconstructed data using
Ocv6 algorithm
ogy Points (36.5–37.3◦N, 130.1–131.5◦E), 2000–2010, survey data
Point (37.0◦N, 130.6◦E), 2001–2012, 0–400 m bimonthly survey data
Point (37.0◦N, 130.6◦E), 2001–2012, 0–400 m bimonthly survey data
Point (37.5◦N, 130.9◦E), 2001∼2012, daily survey data
ogy Points (36.5∼37.3◦N, 130.1–131.5◦E), 2000–2010, 0–1500 m survey
data
Uno et al. (2007); Zhang et al. (2011); KMA  (2013)
l Modelling 322 (2016) 31–47 33
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Table 2
Assignment of CHEMTAX groups to PFTs.
Algal groups Typical cell size PFTs
Diatoms 20–200 m Diatoms
Prymnesiophytes
Pelagophytes
Cryptophytes
2–20 m Flagellates
Cyanobacteria 0.2–2 m PicophytoplanktonS. Lee, S. Yoo / Ecologica
ata (since 1965) observed bimonthly by the KODC. Table 1 is an
verview of the data sources used. The nutrient concentrations
nd the high-performance liquid chromatography (HPLC) pigment
ata were obtained from the Korea Institute of Ocean Sciences
 Technology (KIOST) surveys conducted by Eardo in Nov. 2000,
pr. 2001, Oct. 2001, Sep. 2002, Jul. 2005, Apr. 2006, Aug. 2007,
eb. 2008, Oct. 2008 and Jul. 2010 in the Ulleung Basin. To ver-
fy the model outputs, the surface chlorophyll a concentration
37.0◦N, 130.6◦E) from merged satellite data of Sea-viewing Wide
ield-of-view Sensor (SeaWiFS) and Moderate-resolution Imaging
pectroradiometer (MODIS)-Aqua was used. The data merge was
one using the Ocean Color (OC) v6 algorithm (http://oceancolor.
sfc.nasa.gov/REPROCESSING/R2009/ocv6).
.1.1. Light
To calculate the surface photosynthetically available radiation
PAR) (Fig. 2a), the daily cloud cover monitored at Ulleung island
37.5◦N, 130.9◦E) was obtained from the Korea Meteorological
dministration (KMA). The cloud cover data ranged from 1 to 10
nd was divided by 10 to calculate the fractional cloud cover. With
he fractional cloud cover, the surface PAR was calculated using an
stronomical equation (Rosati and Miyakoda, 1988) in the ERSEM.
.1.2. Mixed layer depth
In the Ulleung Basin, the development of the mixed layer is
ffected by not only convection and wind forcing from the sea sur-
ace but also horizontal heat ﬂux from the Tsushima Warm Current
TWC) (Onitsuka et al., 2007). Thus, observational data were utilized
o derive the MLD  instead of MLD  simulated by a one-dimensional
odel. The MLD  was reproduced from bimonthly KODC data of
emperature and salinity from 2001 to 2012 by variable density
hreshold method (Sprintall and Tomczak, 1992). This method
llows for temperature and salinity stratiﬁcation and deﬁnes the
LD  as the depth where the increase in density from the surface
eference depth, 10 m,  equals an increase in density equivalent to
 decrease in temperature of 0.2 ◦C (Lim et al., 2012). The monthly
LD  data was also calculated from the bimonthly data according
o the linear interpolation method (Fig. 2a). Finally, the maximum
LD  from December to February for the period 2001–2012 (MMLD)
as calculated for each year to assess the interannual variability of
inter vertical mixing in the Ulleung Basin.
.1.3. Nutrients
To estimate the nutrient concentrations below the MLD, the ﬁt-
ed curves from 0 m to 1500 m were obtained by non-linear method
Fig. 2b). The equations for nitrate, phosphate and silicate concen-
rations at the boundary are written as:
itrate = 26.1620 − 25.5451 · e(−0.00359·MLD) (1)
hosphate = 2.1805 − 2.09409 · e(−0.00331.MLD) (2)
ilicate = 90.6642 − 88.2544 · e(−0.00108·MLD) (3)
During this study period, the N:P ratio from the observational
ata including the surface data was 12.2:1 (Fig. 2c). However, the
:P ratio in the Ulleung Basin is generally known as 13:1 (Talley
t al., 2004; Kim and Kim, 2013), so the nitrate concentrations at
he boundary in the Ulleung Basin were calculated by N:P ratio,
3:1, instead of the observed nitrate concentration.
.1.4. Atmospheric deposition
To investigate the effect of atmospheric deposition on PFTs in thelleung Basin, the slope of nitrate deposition, 0.007, was obtained
rom Uno et al. (2007) using the linear regression method (Fig. 2d).
he nitrate deposition was estimated using the values compiled by
hang et al. (2011)(their Table S2). The ammonium deposition wasChlorophytes
Dinoﬂagellates 20–200 m Dinoﬂagellates
set to the equivalent value to the nitrate deposition according to
the ratio from KMA  (2013).
2.1.5. Net primary production
The primary production model by Kameda and Ishizaka (2005),
a type of vertically generalized production model (VGPM), was used
for net primary production (NPP) in the Ulleung Basin during this
study period. This algorithm is as follows:
PPeu = 0.66125 · PBopt ·
E0
E0 + 4.1
· Chl · Dirr · Zeu (4)
where, PPeu is the daily integrated primary production in the
euphotic depth (mg  C m−2 d−1), PBopt is the optimal photosynthesis
rate (mg  C (mg  Chl)−1 h−1), E0 is the PAR at the surface (E m−2 d−1),
Chl is the chlorophyll a concentration, Dirr is the photoperiod (h)
and Zeu is the euphotic depth (m). But in this study, MLD, M(t) was
used instead of Zeu to describe the NPP in the mixed layer. PBopt in the
above model was a function for both temperature and chlorophyll
a concentration and was described as:
PBopt =
0.071T − 3.2 · 10−3T2 + 3.0 · 10−5T3
Chl
+ (1.0 + 0.17T − 2.5 · 10−3T2 − 8.0 · 10−5T3 (5)
where, T is sea surface temperature (SST, ◦C).
2.1.6. Analysis of phytoplankton pigments
The HPLC pigment data were processed by CHEMTAX, a matrix
factorization program. The class-speciﬁc pigment ratios for each
diagnostic biomarker, modiﬁed by Lee et al. (2011), were used in the
CHEMTAX calculation. Seven algal groups estimated on the basis of
the pigment contents were assigned to one of the PFTs (Table 2).
2.2. Model description
2.2.1. Physical aspects
The seasonal pattern of water column structure in the Ulleung
Basin was more or less regularly repeated, despite the temperature
ﬂuctuating widely between years (data not shown). The water col-
umn  structure was  typically stratiﬁed into two  layers during warm
seasons and became practically one layer above the permanent
thermocline after late autumn. Thus, we  used a simple two-layer
model to represent the physical structure in the Ulleung Basin.
We  used Evans and Parslow’s (1985) formulation to describe the
changes in vertical mixing. We  followed the biological activity in
the upper box and assumed the lower box to be the nutrient pool,
which remains constant all year round. With a deepening mixed
layer after summer, nutrient is supplied into the upper layer by two
processes: entrainment and diffusive mixing across the thermo-
cline. The function h(t) = dM(t)/dt was used to calculate the time rate
of the change in MLD, M(t) and the variable h+(t) = max(h(t), 0) was
utilized to calculate the dilution of phytoplankton (Fasham, 1993).
It is assumed that the phytoplankton are detrained with a shoal-
ing mixed layer. On the other hand, the function h(t) was used for
zooplankton, because the zooplankton become more concentrated
34 S. Lee, S. Yoo / Ecological Modelling 322 (2016) 31–47
Fig. 2. (a) Monthly mean of MLD  and surface PAR, (b) Vertical gradient of the nitrate, phosphate and silicate concentration interpolated from in situ data. White circles
indicate  the mean of nutrient concentrations with depth. Black circles indicate the seasonal means of nutrient concentrations (W:  Winter, S: Spring, M: Summer, A: Autumn).
Bars  denote ±95% conﬁdence intervals, (c) Correlation between nitrate and phosphate concentration in the Ulleung Basin (r = 0.98). The solid line indicates N:P ratio from the
observational data (12.2:1). The dashed line indicates Redﬁeld’s ratio (16:1), (d) Estimated atmospheric deposition in the Ulleung Basin (white circles: nitrate, black circles:
nitrate  + ammonium). Red asterisks are nitrate atmospheric deposition from Uno et al. (2007) and Zhang et al. (2011). (For interpretation of the references to colour in this
ﬁgure  legend, the reader is referred to the web  version of this article.). .
S. Lee, S. Yoo / Ecological Modelling 322 (2016) 31–47 35
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dig. 3. A schematic diagram of the ERSEM indicating the carbon/nutrient pathway
ndicate relative prey availability for each consumer.
ue to their swimming capability within the mixed layer. Diffusive
ixing across the thermocline, m was parameterized by a constant
actor. In the model, 1.2 m d−1 was chosen for m,  because there are
arious physical processes such as eddies, storm events and TWC
dvection in the Ulleung Basin (Onitsuka and Yanagi, 2005). The
hole diffusion term, K is ﬁnally given by
 = m + h
+(t)
M(t)
(6)
And the light intensity in MLD, Imld is expressed as:
mld =
1
M(t)
∫
I0 · e−keM(t)dz (7)
here, I0 is the irradiance at the sea surface (W m−2) and ke is the
ight extinction coefﬁcient.
The atmospheric deposition term is given by:
n3 =
Dn3
M(t) · Nmass (8)
n4 =
Dn3rn
M(t)Nmass
(9)
here, An3 is the nitrate ﬂux by atmospheric deposition
mmol  N m−3 d−1), Dn3 is the atmospheric deposition of nitrate
mg  N m−2 d−1) and Nmass is the molecular weight (g mol−1) of
itrogen. The deposition ratio of ammonium to nitrate, rn was  used
o estimate the ammonium ﬂux by atmospheric deposition, An4. It
as set to 1.0, which was assumed for the composition of atmo-
pheric deposition.
.2.2. Biogeochemical model parameter setting
The biogeochemical model is based on ERSEM-2004 (Blackford
t al., 2004), which is a state-of-the-art marine biogeochemical
odel connecting carbon and nutrient ﬂuxes with functional-type
ynamics. The ERSEM has been proven capable of simulating theeen functional groups (4 phytoplankton, 3 zooplankton and 1 bacteria). Numbers
marine ecosystem response to climate change in waters of various
trophic states. An important feature of the ERSEM is the decoupling
between carbon and nutrient dynamics through variable cell quo-
tas. This facilitates the simulation of variable stoichiometry and the
evaluation of the nutrient limitation effect. These features are very
suitable for the purpose of this study. Fig. 3 shows a schematic dia-
gram of the pelagic ERSEM. A detailed description and equations of
this model can be found in Blackford et al. (2004).
Primary producers and consumers consisted of four and
three size-based functional types (diatoms 20–200 m,  ﬂag-
ellates 2–20 m, picophytoplankton 0.2–2 m,  dinoﬂagellates
20–200 m,  heterotrophic nanoﬂagellates 2–20 m,  microzoo-
plankton 20–200 m,  mesozooplankton >200 m),  while the
decomposer is modelled through one functional type. The func-
tional types in the ERSEM are described by the same physiological
and population processes but different parameterizations. The
growth of PFTs partly depends on their light afﬁnity to acclima-
tize to variable ambient light intensity. The response of PFTs to
nutrient conditions is also determined by their competitive abil-
ity, which is quantiﬁable by nutrient afﬁnity. For example, diatoms
have the maximum photosynthesis rate and a high capacity to tol-
erate low light but have a lower competitive ability about nutrients
(Falkowski, 1980). Therefore, parameters for PFTs can be adjusted
in accordance with their strategies.
For parameter values, we  started from the standard set used in
Blackford et al. (2004). We  performed sensitivity analysis for all
parameters using increments or decrements of ±10% and ±30%.
Based on the sensitivity analysis, we ﬁne-tuned parameters. The
speciﬁc parameters for the pelagic ecosystem components are
given in Tables 3 and 4. The selected values, except for several
parameters, are within the range of previous studies (Broekhuizen
et al., 1995; Baretta-Bekker et al., 1995, 1997; Blackford et al.,
2004; Vichi and Masina, 2009). The initial slope of the P–I curve
and the maximum chlorophyll-to-carbon cell ratio were taken
36 S. Lee, S. Yoo / Ecological Modelling 322 (2016) 31–47
Table  3
Model parameters for PFTs. P1: Diatoms, P2: Flagellates, P3: Picophytoplankton, P4: Dinoﬂagellates. Parameter notation follows Blackford et al. (2004).
Description Notation Unit Range P1 P2 P3 P4
Maximum assimilation rate (10 ◦C) rass d−1 0.35–6.98 3.7 2.5 2.7 1.5a
Initial slope of P–I curve  ˛ mg  C mg Chl−1 (W m−2)−1 d−1 0.56–9.62 2.98a 2.11 2.40 0.98
Exudation under nut. stress Pex – 0.05–0.2 0.15 0.15 0.15 0.15
Activity respiration ractr – 0.1–0.25 0.15 0.15 0.15 0.15
Maximum chlorophyll-to-carbon cell ratio max mg  Chl mg C−1 7.0E-3–7.8E-2 2.0E-2 2.0E-2 2.0E-2 2.0E-2
Minimum chlorophyll-to-carbon cell ratio min mg  Chl mg C−1 7.0E-3–5.0E-2 1.5E-2 1.5E-2 1.5E-2 1.5E-2
Minimal N/C ratio qPNmin mmol  N (mg  C)−1 3.78E-3–6.87E-3 3.78E-3 3.78E-3 3.78E-3 3.78E-3
Minimal P/C ratio qPPmin mmol  P (mg  C)−1 1.965E-5–4.29E-4 3.54E-4 2.36E-4 1.97E-4 3.54E-4
Afﬁnity for nitrate ano3 (mg  C)−1 m−3d−1 Set–2.5 E-2 3.5E-3 2.5E-3a 2.0E-3 3.0E-3
Afﬁnity for ammonium anh4 (mg  C)−1 m−3 d−1 2.5 E-3–2.5 E-1 4.0E-3 5.0E-2 7.0E-2 2.5E-3
Afﬁnity for phosphate ap (mgC)−1 m−3 d−1 2.5 E-3–2.5 E-1 4.0E-3 5.0E-3 7.0E-3 3.5E-3
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eMaximal silicate-to-carbon ratio qPSirdf mmol  Si (mg  C)−1
a Same as in Blackford et al. (2004).
rom literature reviews (Geider et al., 1997; MacIntyre et al., 2002).
he afﬁnities for nutrient were adjusted according to nutrient
tilization strategies (Wafar et al., 2004; Litchman et al., 2007;
itchman and Klausmeier, 2008). Finally, the food web structure
as modiﬁed from the standard conﬁguration (Blackford et al.,
004) to reﬂect the ecosystem conditions in the Ulleung Basin
Fig. 3). The numbers beside the arrows in Fig. 3 indicate the
ercentage of food availability of the particular trophic level.
. Results
.1. Overall performance of the model
Fig. 2a shows the monthly mean time series of MLD  and sur-
ace PAR at station 104−09 in the Ulleung Basin for the period
001–2012. The MLD  shows a large interannual variability. The
MLD  ranged from 29.8 m in February, 2010 to 193.6 m in
ebruary, 2006. The range of minimum MLD  during summer was
rom 10.3 m in July, 2005 to 14.2 m in August, 2006. In compari-
on with the MLD, the surface PAR showed a smaller interannual
ariability. The maximum surface PAR ranged from 127.4 W m−2
n June, 2006 to 151.3 W m−2 in June, 2002. The minimum sur-
ace PAR in winter ranged from 28.5 W m−2 in December, 2011 to
3.7 W m−2 in January, 2001.
We ﬁrst examine the interannual variability of chlorophyll
 concentration as a bulk indicator of phytoplankton dynamics.
he simulated time series of chlorophyll a concentration is in
ood agreement with the merged satellite data from SeaWiFS and
ODIS-Aqua (r = 0.69, p < 0.001; Fig. 4a). In the model, the peak
agnitude of chlorophyll a concentration in winter/spring showed
 remarkable interannual variability, ranging from 0.84 mg  C m−3o 1.67 mg  C m−3. The highest peak magnitude of chlorophyll a
oncentration appeared in April, 2004, whereas the lowest peak
agnitude of chlorophyll a concentration appeared in February,
010.
able 4
odel parameters for ZFTs and bacteria. Z4: Mesozooplankton, Z5: Microzooplankton, Z6
t  al. (2004).
Description Notation Unit 
Maximum assimilation rate (10 ◦C) rass d−1
Food  concentration where relative uptake is 0.5 h mg C m−3
Assimilation efﬁciency ae – 
Lower threshold (mgC m−3) for feeding Zminfood mg C m−3
Excreted fraction of uptake eu – 
Temperature independent. Mortality rate rmort d−1
Fraction of excretion going to DOM pDOM – 
Q10 value Q10 – 
a Same as in Blackford et al.  (2004).1.0E-2–3.0E-2 1.0E-2
When the monthly mean time series of the model chlorophyll
a concentration was  compared with the satellite data, the best
matched year was 2004 and the worst matched year was 2012
(Fig. 4b). On the whole, the model chlorophyll a concentration tends
to overestimate the satellite chlorophyll a concentration due to an
early initiation of spring bloom in the model (Fig. 4c). There are cer-
tain shortcomings of this model set-up that could produce errors.
First of all, the MLD  time series used was based on bimonthly obser-
vations. This could not adequately reproduce the MLD  change in a
short timescale. As a zero-dimensional model, it cannot deal with
event-scale turbulence or non-constant vertical structure of chloro-
phyll a concentration. The study region is also under the inﬂuence
of TWC  and warm anticyclonic eddies that could affect the nutrient
dynamics (Kim et al., 2011a). This model is not adequate to deal
with such horizontal or vertical processes.
The PFT composition from model outputs was compared to the
phytoplankton community composition from HPLC data, which
are too few and uneven to derive conﬁdent seasonal means
(Fig. 5). Nevertheless, the PFT composition in spring was repro-
duced well by the model, with a domination of diatoms. However,
the model underestimated the picophytoplankton composition in
summer and the ﬂagellate composition in autumn, and overesti-
mated the diatom and dinoﬂagellate composition in summer and
autumn.
3.2. Seasonal cycle
The model recapitulates typical seasonal cycles of ecosystem
variables in the study area (Fig. 6). The standard deviation of MLD
increased steadily from August when the monthly mean of MLD
was the shallowest. The standard deviation was the largest in
February after which the MLD  decreases again. The nitrate con-
centration was the highest in February and the lowest in July. The
nitrate concentration in February showed considerable ﬂuctuation
in accordance with the change in winter MLD. Unlike the nitrate
concentration, the ammonium concentration showed the highest
: Heterotrophic nanoﬂagellates, B1: Bacteria. Parameter notation follows Blackford
Range Z4 Z5 Z6 B1
0.5–10 0.8 2.0 3.0
40–300 60 40 60
0.2–0.6 0.4 0.5a 0.4a 0.4a
1–100 5 20 30
0.30–0.55 0.55 0.40 0.30
0.02–0.05 0.02 0.05 0.05 0.05
0.5–1.0 0.5a 0.7 1.0
2.0–3.0 2.0a 2.0a 2.0a 2.95
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Fig. 4. (a) Simulated total chlorophyll a concentration (black circles) as compared with satellite chlorophyll a concentration (grey shade. r = 0.69, p < 0.001), (b) Taylor diagram
for  evaluation of the model results. The red circle (total) indicates the statistic values for the whole period (r= 0.69), (c) Difference between the model and satellite chlorophyll
a  concentration. (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web version of this article.).
Fig. 5. Comparison of PFT composition by observation and model. Colours denote the PFTs (red: diatoms, blue: ﬂagellates, green: picophytoplankton, violet: dinoﬂagellates).
Number of data is shown in the lower right corner of each panel. (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web  version
of  this article.).
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Fig. 6. Seasonal cycle of MLD  observation, chlorophyll a concentration (grey: satellite, golden brown: model), simulated nitrogen (red: nitrate, blue: ammonium, green:
n  (red:
s hic na
( erred 
c
t
d
d
d
c
t
l
P
t
t
P
i
t
s
t
i
i
3
c
t
t
m
e
o
t
T
titrate  + ammonium), NPP (grey: satellite, golden brown: model), simulated PFTs
imulated ZFTs (red: mesozooplankton, blue: microzooplankton, green: heterotrop
For  interpretation of the references to colour in this ﬁgure legend, the reader is ref
oncentration in March and the ﬂuctuation range was narrower
han that of the nitrate concentration. The model is not able to
escribe the characteristic of the Ulleung Basin where the nitrate
rawdown is observed during warm seasons (Fig. 6), because the
iffusive mixing across the thermocline was parameterized by a
onstant factor.
Like the satellite data, the magnitude and the standard devia-
ion of chlorophyll a concentration and NPP in the model were the
argest in April. The model result also showed that each group of
FTs and ZFTs exhibited a different seasonal cycle. Diatoms were
he earliest growing group in the model and generally dominated in
he cold season. They were also the most variable group among the
FTs in spring. The ﬂagellates and the picophytoplankton bloomed
n late spring, but their peak magnitudes were smaller and the ﬂuc-
uation ranges were narrower than those of diatoms. The seasonal
uccession progressed in the order of diatoms, picophytoplank-
on, ﬂagellates and dinoﬂagellates in the Ulleung Basin. ZFTs also
ncreased following the blooms of PFTs according to prey availabil-
ty (Fig. 3).
.3. The responses of phytoplankton functional types to the
hanges in winter vertical mixing
To investigate the causes of the interannual variability of ecosys-
em variables, we examine the relationship between MMLD  and
he annual mean of various plankton variables (Fig. 7). The annual
eans of all the PFT NPP and peak magnitude except for dinoﬂag-
llates showed an increasing trend whether statistically signiﬁcant
r not. The peak magnitude of diatoms responded most sensi-
ively to the changes in MMLD  among the PFTs (r = 0.81, p < 0.01).
he annual mean of total phytoplankton NPP and peak magni-
ude showed a signiﬁcant relationship with the changes in MMLD diatoms, blue: ﬂagellates, green: picophytoplankton, violet: dinoﬂagellates) and
noﬂagellates) in the Ulleung Basin. The shaded areas indicate standard deviation.
to the web version of this article.).
(NPP r = 0.65, p < 0.05; peak magnitude r = 0.87, p < 0.001). However,
the annual mean of total phytoplankton biomass did not show a
statistically signiﬁcant relationship with MMLD  (r = 0.40, p > 0.05).
This is because only the diatoms showed an increasing trend
while the other three groups showed a decreasing trend, which
results in a less signiﬁcant relationship. Only the annual means of
diatom biomass and ﬂagellate biomass were statistically signiﬁcant
(diatoms r = 0.66, p < 0.05; ﬂagellates r = −0.58, p < 0.05). The annual
means of ﬂagellate NPP and picophytoplankton NPP increased but
the annual mean biomass decreased because of increased grazing as
MMLD  increased. However, the annual mean of dinoﬂagellate NPP
and the annual mean biomass decreased as MMLD  increased. This
difference in response among the PTFs can be explained by com-
petitive abilities for light, nutrients and grazing (see Section 4). The
annual mean of zooplankton biomass did not respond either to the
changes in MMLD  possibly due to their complicated food web  and
swimming capability.
To see the impacts of varying winter vertical mixing clearly, we
compared the two  extreme years, 2006 and 2010, which respec-
tively had the deepest and shallowest winter vertical mixing during
this study period (Fig. 8). In 2006, deep vertical mixing maintained
low biomass of phytoplankton and zooplankton in winter, but the
phytoplankton groups, except for dinoﬂagellates, increased fast in
spring. In 2010, on the other hand, both phytoplankton and zoo-
plankton maintained high biomass in winter. The temporal changes
and the seasonal cycle of phytoplankton and zooplankton were less
conspicuous. More importantly, the composition of PFTs in 2006
and 2010 was  very different. The diatoms in the spring of 2006 had
the largest proportion of PFTs (71%), and they made the biggest con-
tribution (59%) to the annual mean of total phytoplankton biomass.
On the other hand, in the spring of 2010, the proportion of ﬂagel-
lates and picophytoplankton was higher than in 2006 (67%), and
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hey made the biggest contribution (52%) to the annual mean of
otal phytoplankton biomass.
.4. The responses of phytoplankton functional types to
tmospheric deposition
In the next experiments, we calculated the percentage increase
f seasonal and annual means with and without atmospheric depo-
ition to investigate the effect of the atmospheric deposition on
iological variables (Fig. 9, data not shown). Two patterns are note-
orthy: the percentage increase of ammonium concentration was
igher than that of nitrate concentration (2.5-fold). Speciﬁcally,
t was much higher in summer (24.0-fold). The ﬂuctuation range
as also wider than that of nitrate concentration. The percent-
ge increase of biological variables with atmospheric deposition
as the most variable in summer (median range −7.86 to 23.23%)
mong the seasons. The percentage increase of picophytoplankton
iomass was the highest (annual median 6.47%) among the PFTs
nd it reached 42.60% in the summer of 2012. On the other hand,
he percentage increase of dinoﬂagellate biomass was  the lowest
annual median −3.20%) among the PFTs. In particular, the atmo-
pheric deposition had a negative effect on the diatom biomass
nd the dinoﬂagellate biomass in summer. The diatom biomass
ecreased by 15.57% in the summer of 2012 and the dinoﬂagellate
iomass decreased by 9.09% in the summer of 2010. The percent-
ge increase of microzooplankton biomass was the highest (annual
edian 4.65%) among the ZFTs, but was smaller than that of pico-
hytoplankton biomass. The percentage increase of NPP was  more
han twice that of chlorophyll a concentration and total phyto-
lankton biomass in the model. The NPP increased up to 32.32% in
he summer of 2010, and the percentage increases of annual mean
f NPP reached 10.58% in 2010.e of phytoplankton biomass, annual mean of plankton biomass) and MMLD. The
We performed two additional simulation experiments to sup-
plement the scanty observational data. First, we  investigated the
effect of different deposition ratios of ammonium to nitrate. The
response of PFTs was followed by changes in the ratio from 0.1 to
2 (Fig. 10). With the increase in ammonium deposition, the pico-
phytoplankton biomass and the ﬂagellate biomass increased nearly
linearly, but the diatom biomass and the dinoﬂagellate biomass
decreased. The percentage change in diatom biomass became neg-
ative from the ratio 0.30 and that of dinoﬂagellate biomass became
negative from the ratio 0.75 and up. Although the percentage
increase of dinoﬂagellate biomass was  high when the deposition
ratio of ammonium to nitrate was  small, it became less than that of
picophytoplankton and ﬂagellate biomass when the ratio increased
above 0.2 and 0.5, respectively. Among the PFTs, the percent-
age increase of picophytoplankton biomass was  the highest (max
33.08%).
In the second experiment, we increased the atmospheric
deposition in the range 2.15–42.47 mg  N m−2 d−1 to see the
effect of the increase in anthropogenic atmospheric deposition
(Fig. 11). The percentage increase of N* and that of the N:P
ratio increased continuously through the range. The NPP showed
the highest increase among biological variables, up to 31.11%.
Except for dinoﬂagellates and ﬂagellates, all biological variables
increased nearly linearly at low atmospheric deposition and
levelled off at higher atmospheric deposition. The percentage
increase of picophytoplankton biomass was  the highest (max
30.71%) among the PFTs, whereas the percentage increase of
dinoﬂagellate biomass was  the lowest (min −17.83%) among
the PFTs. Interestingly, the percentage increases of ﬂagellate
biomass drastically decreased from the point where the atmo-
spheric deposition increased 10-fold. In ZFTs, the percentage
increase of microzooplankton biomass was the highest (max
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0.94%). All ZFTs increased nearly linearly at low atmospheric
eposition and levelled off at higher atmospheric deposition.
. Discussion
.1. Effects of the changes in vertical mixing
We  used the zero-dimensional model in combination with
ong-term observation data to look into the biological processes
esponding to the changes in winter vertical mixing and atmo-
pheric deposition in the Ulleung Basin. Overall, the model
ecapitulates the basic pattern of phytoplankton seasonal cycles
nd its interannual variability in the upper layer of the Ulleung
asin (Figs. 4a and 6). As the winter vertical mixing increases,
o does the annual mean of NPP, peak magnitude and biomass
Fig. 7). The opposite trend results when the winter vertical mix-
ng decreases. Generally, the phytoplankton biomass is limited by
eep mixing in winter. The deep mixing in winter drags down the
hytoplankton into the deeper layer where the light is limited.
he phytoplankton are not able to grow in this circumstance, even
hough the deep mixing injects abundant nutrients up to the upper
ayer. The deep mixing in winter also causes greater dilution of
ooplankton abundance and lessens the grazing pressure. Conse-
uently, the grazing of zooplankton is not able to catch up with
he growth of phytoplankton, so the phytoplankton are able to
loom much faster in spring. However, when MMLD  becomes shal-
ower, the light conditions for photosynthesis improve in winter.ates, green: picophytoplankton, violet: dinoﬂagellates) and zooplankton biomass
ﬂagellates) by seasons. The size of the circle for seasons indicates relative biomass
ge in the upper right corner of each ﬁgure indicates season composition (%). (For
e web version of this article.).
The nutrients are depleted earlier and the grazing by zooplank-
ton increases faster as a consequence of phytoplankton growth in
winter.
In this light, we examine how the light and the nutrient are
affected by the changes in winter vertical mixing. When win-
ter vertical mixing increased, water column-averaged PAR also
decreased (Fig. 12a). On the other hand, when winter vertical mix-
ing increased, so did the nutrient concentration (Fig. 12b). In the
nitrogen dynamics, the effect of the changes in winter vertical
mixing on ammonium concentration was weaker than that on
nitrate concentration. The changes in the annual means of nitrate
concentration showed a close relationship with MMLD  (r2 = 0.80,
p < 0.001). With ammonium concentration, the relationship was
also signiﬁcant but weaker (r2 = 0.50, p < 0.01).
The nitrate concentration was  closely related to the nitrate
ﬂux by the entrainment process, which increased as the winter
vertical mixing deepened (Fig. 12c). On the other hand, the ammo-
nium regeneration is closely linked to biological processes. Among
the biological processes, the zooplankton excretion accounted for
72.69% of total ammonium regeneration (Table 5) and was the
main factor determining the interannual variability of ammonium
regeneration (Fig. 12d). Banse (1995) suggested that zooplankton-
mediated processes such as excretion and sloppy feeding make
a large contribution to ammonium regeneration, so they play an
important role in controlling the phytoplankton dynamics. This
effect of zooplankton excretion explains why the winter vertical
mixing has a weaker inﬂuence on ammonium concentration than
on nitrate concentration.
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Fig. 9. Percentage increases of seasonal and annual means of nitrate concentration, ammonium concentration, chlorophyll a concentration, NPP, total phytoplankton biomass,
PFT  (Diatoms, Flag, Pico, Dino) biomass, total zooplankton biomass and ZFT (Hetero, Micro, Meso) biomass attributed to atmospheric deposition.
Table 5
Composition (%) of ammonium regeneration sources for the whole study period.
Zooplankton Bacterial excretion Remineralization
Mesozooplanton excretion Microzooplanton excretion Heterotrophic nanoﬂagellate excretion
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The model shows that not only the bloom magnitudes but also
he composition of PFTs may  change in response to the changes
n winter vertical mixing. The diatoms responded most positively
o the changes in winter vertical mixing among the PFTs. On
ig. 10. Percentage increases of PFT biomass (red: diatoms, blue: ﬂagellates, green:
icophytoplankton, violet: dinoﬂagellates) according to the changes in the deposi-
ion ratio of ammonium to nitrate. The vertical dashed line denotes the base ratio of
mmonium to nitrate. (For interpretation of the references to colour in this ﬁgure
egend, the reader is referred to the web version of this article.).21.70 5.61
the other hand, the other PFTs’ behaviour seems to depend on
diatoms which pre-empt the early spring stage. When winter ver-
tical mixing increased, NPP of ﬂagellates and picophytoplankton
increased, while their biomass decreased (Fig. 7). However, both
NPP and biomass of dinoﬂagellates decreased. We now examine the
cause of the different responses by groups. The model parameters
regarding the resource utilization and competitive ability of PFTs
were set in accordance with observed data from previous studies
(e.g. Geider et al., 1997; MacIntyre et al., 2002; Wafar et al., 2004;
Litchman et al., 2007; Litchman and Klausmeier, 2008). The param-
eters reﬂect the fact that the diatoms have high competitive ability
in lower light conditions and a faster nitrate uptake rate (Table 3
and Fig. 13). The ﬂagellates and picophytoplankton have a prefer-
ence for ammonium over nitrate. They are also limited by a higher
grazing rate, so their peak magnitudes are smaller and the ﬂuctu-
ation ranges are narrower than those of diatoms (Fig. 6). Although
we used the speciﬁed values, the competitive ability and grazing
rate of PFTs showed signiﬁcant variance around the ﬁtted curves
through the complex effects of external environmental changes and
the internal condition of organisms (Fig. 13).
As the winter vertical mixing has opposite effects on light and
nutrients, the balance between these two effects will determine
the competitive advantage of PFTs. With a shallower MLD, the
light availability in winter improved (Fig. 12a) while the ambient
nutrient level decreased (Fig. 12b). Although the light utilization
of diatoms was  much higher than other PFTs (Fig. 13), diatoms
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Fig. 11. Percentage increases of N:P ratio (triangles) and N* (circles), chlorophyll a concentration, NPP, total phytoplankton biomass, PFT biomass, total zooplankton and ZFT
biomass in response to the changes in atmospheric deposition.
Fig. 12. (a) Relationship between Feb–Apr mean of PAR in the upper mixed layer and MMLD, (b) Relationship between annual mean of nitrogen concentration and MMLD  (red:
nitrate, blue: ammonium), (c) Relationship between annual mean of nitrate ﬂux and MMLD, (d) Composition of ammonium regeneration (red: mesozooplankton excretion,
blue:  microzooplankton excretion, green: heterotrophic nanoﬂagellate excretion, violet: bacteria excretion, orange: remineralization). r2 with p-value is shown in the lower
right  corner of each ﬁgure (upper value for nitrate and lower value for ammonium, ***: p < 0.001, **: p < 0.01, *: p < 0.05). (For interpretation of the references to colour in this
ﬁgure  legend, the reader is referred to the web  version of this article.).
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Fig. 13. Monthly means of photosynthesis rate and annual means of nutrient uptake rates (upper panels, red: diatoms, blue: ﬂagellates, green: picophytoplankton, violet:
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ainoﬂagellates) and monthly grazing rate of PFTs (lower panels). (For interpretation
f  this article.).
ost their competitive advantage as their nutrient uptake decreased
hen MMLD  decreased (Fig. 14a). The nutrient limitation of
iatoms started at a deeper MMLD  (higher nitrate concentra-
ion) than that of other PFTs (Fig. 14b). The maximum NPP of
iatoms occurred at a lower light level while that of other PFTs
ccurred at a much higher light level (Fig. 14c). Therefore, a deeper
MLD conferred diatoms advantages both in light and nutrients.
 deeper MMLD  would also enhance the annual NPP of ﬂagel-
ates and picophytoplankton because it would increase the total
itrogen ﬂux in the upper layer (Fig. 12c). As a result, the relative
ontribution of the PFTs in the spring production would depend
n MMLD. The annual mean NPP of diatoms, ﬂagellates and pico-
hytoplankton increased with increasing MMLD as more nutrients
ere supplied. However, the annual mean NPP of dinoﬂagellates
ecreased with increasing MMLD  (Fig. 7) because the growing
uration of dinoﬂagellates decreased (data not shown). The graz-
ng rate on diatoms showed a smaller range with the peak at the
edium level of NPP (Fig. 14d). This is because when their NPP
ecame high, the grazers could not catch up with their growth.
n the other hand, the grazing rate on ﬂagellates and picophy-
oplankton continuously increased in a wider range (Fig. 14d).
ecause of this high grazing rate, their biomass decreased as MMLD
ncreased (Fig. 7). Therefore, the biomass of ﬂagellates and pico-
hytoplankton decreased with increasing MMLD because of the
ncreasing grazing rate. On the other hand, the biomass of dinoﬂag-
llates decreased with increasing MMLD  because of decreased
PP.
.2. Effects of atmospheric deposition
Next, we examine the effects of the increasing atmospheric
eposition on PFTs. The model showed that the atmospheric depo-
ition increased the nitrogen concentration in the upper layer. This
ffect was pronounced in summer when the nitrogen supplied by
inter vertical mixing was depleted. The percentage change of
mmonium concentration was much higher than that of nitrate
oncentration because of its relatively lower concentration in the
ixed layer. In addition, as mentioned above, the changes in
tmospheric deposition ratio of ammonium to nitrate altered the references to colour in this ﬁgure legend, the reader is referred to the web version
composition of PFTs (Fig. 10). Throughout the range of ratios, the
PFTs that have a high competitive afﬁnity for ammonium beneﬁt-
ted more from ammonium supply by atmospheric deposition. Thus,
the picophytoplankton responded most sensitively to the increased
ammonium deposition.
We  compared the percentage increases of NPP by atmospheric
deposition with other studies from various regions (Table 6). The
model result shows that the percentage increase of NPP was
the highest in summer (23.48%) when the nitrogen entrained by
vertical mixing was limited. The phytoplankton have a high carbon-
to-nitrogen ratio in summer when the nitrogen is limited, but they
are able to reduce the carbon-to-nitrogen ratio by getting the nitro-
gen supply from atmospheric deposition. This provided signiﬁcant
beneﬁts to phytoplankton growth in summer.
The atmospheric deposition in the Ulleung Basin increased the
annual mean of NPP by about 4.58%. The estimate from this study
is higher than that of Duce et al. (2008), which suggested that the
atmospheric deposition accounts for 3% of the new primary pro-
duction in the global open ocean. However, the value is lower
than the estimate from the southern East Sea (37◦N, 135◦E) by
Onitsuka et al. (2009), despite the atmospheric deposition in this
model run being much higher. They concluded that the atmospheric
deposition potentially accounts for 8.77% of the annual mean of
primary production. They used a simple NPZD model with only
one nutrient component, nitrogen. Their calculation might have
overestimated the effect of atmospheric deposition on primary pro-
duction, because their model did not take account of the limitation
of nutrients other than nitrogen.
In this experimental model run, we applied a single rate for
atmospheric deposition each year disregarding the seasonal vari-
ations. However, the atmospheric deposition in the Ulleung Basin
shows seasonal variations, which depend on weather conditions.
In winter, the atmospheric deposition is low even though anthro-
pogenic ﬁne dusts and aerosols from the continent blow into the
Korean Peninsula via the north-west monsoon. The atmospheric
deposition increases slowly in spring, and becomes high in summer
due to the increase in the wet  deposition. Thus, if we  consider the
seasonal variability of atmospheric deposition, the effect of atmo-
spheric deposition on primary production in summer will increase
more.
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Fig. 14. (a) Relationship between annual mean proportion of nitrogen uptake (PFT/total) and MMLD. Red circles represent nitrate, blue ammonium. r2 with p-value is shown
in  the lower right corner of each ﬁgure (upper value for nitrate and lower value for ammonium, ***: p < 0.001, **: p < 0.01, *: p < 0.05), (b) Relationship between annual means
o etwee
( P.
4
s
(
c
(
Nf  nutrient limitation (Eq. (8) of Blackford et al., 2004) and MMLD, (c) Relationship b
d)  Relationship between Feb–Apr means of grazing rate and Feb–Apr means of NP
.3. Contribution of major sources of nitrogen
Previous studies have postulated that there could be various
ources of nutrients in the Ulleung Basin such as vertical mixing
Onitsuka and Yanagi, 2005), TWC  transport (Onitsuka et al., 2007),
oastal upwelling (Yoo and Park, 2009), atmospheric desposition
Onitsuka et al., 2009), Changjiang diluted water (Isobe et al., 2002),
akdong River discharge (Suh, 2006) and mesoscale eddies (Hongn Feb–Apr means of NPP and Feb–Apr means of PAR within the upper mixed layer,
et al., 2013). We  conducted numerical simulations to see the rela-
tive contribution of the major sources of the nutrient supply on a
regional scale.
First, the relative contribution from vertical mixing, atmo-
spheric deposition and TWC  transport in the Ulleung Basin was
calculated. Kim et al. (2013) showed that the nitrogen ﬂux by TWC
transport in the East Sea was  about 13.45 times greater than that
by atmospheric deposition. For the study period, the nitrogen ﬂux
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Table  6
Estimates of primary production enhancement due to atmospheric deposition from various studies.
Study area Period Season Percentage increase (%) References
Southern North Sea 1999 Summer −5.5 De Leeuw et al. (2003)
Southern North Sea 2000 Summer 0.6–2.5 Spokes and Jickells (2005)
Global open ocean 2000 Annual −3 Duce et al. (2008)
North Atlantic Gyre 2002 Autumn 0.1–4.7 (dry)
0.6–2.9 (wet)
Baker et al. (2007)
Southern North Sea 1996–2002 Annual 13.8–15 Troost et al. (2013)
Strait of Dover 2003 Spring −3.1 Boulart et al. (2006)
Southern East Sea (37◦N, 135◦E) 1996−2003 Winter
Spring
Summer
Autumn
Annual
5.22
5.58
11.7
12.56
8.77
Onitsuka et al. (2009) a
Mediterranean Sea 1999−2004 Annual −5 Lazzari et al. (2012)
Eastern Mediterranean Sea 2003−2004 (including P) Winter
Summer
1–26
33–34
Christodoulaki et al. (2013)
South China Sea 2005−2010 Annual 20 Kim et al. (2014)
Ulleung basin (37◦N, 130.6◦E) 2001−2012 Winter
Spring
Summer
Autumn
Annual
−0.08
1.35
23.48
5.23
4.58
This study
a Reproduced seasonal value based on the monthly model output in the southern East Sea.
Table 7
Relative contribution (%) of the three sources of nitrogen ﬂux. The nitrogen ﬂux
by vertical mixing consists of only nitrate and the nitrogen ﬂux by atmospheric
deposition and TWC  transport includes both nitrate and ammonium.
Vertical mixing Atmospheric deposition TWC  transport
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Table 8
Changes in annual mean N:P ratio and annual mean N* by biochemical process in
vertical mixing simulation for the whole study period.
Processes N:P ratio N* (mmol N m−3)
same period. Taken together, the model suggests that the shal-59.10 2.83 38.07
atio of vertical mixing to atmospheric deposition from the model
esult was 20.88:1. Taking this into consideration, the relative con-
ribution from the three sources is given in Table 7—59.1% was  by
ertical mixing, 2.8% by atmospheric deposition and 38.1% by TWC
ransport.
The TWC  supplies heat, salt, fresh water and nutrients horizon-
ally to the East Sea through the Korea Strait (Morimoto et al., 2009).
nitsuka et al. (2007) suggested that the horizontal nutrient ﬂux
hrough the western channel of the Korea Strait is the main source
f nutrient supply and its contribution accounts for more than
0% of the annual primary production. While their model did not
nclude atmospheric deposition added to TWC  transport, our esti-
ates reﬂect atmospheric deposition added to TWC  following Kim
t al. (2013). We  have already described how the changes in vertical
ixing and atmospheric deposition can affect the bloom magni-
udes as well as the composition of PFTs via changing the balance
n nutrient supply. From this result, we suggest that the TWC  trans-
ort can affect the peak timing/duration in phytoplankton blooms
nd the composition of PFTs.
The changes in the balance of nutrient supply from outside have
mpacts on the N:P ratio and N*. The model result shows that the
:P ratio increased by 4.57% and the N* increased by 5.43% with
.15 mg  N m−2 d−1 of the nitrogen ﬂux by atmospheric deposition.
hey increased steadily with the increase in atmospheric deposi-
ion (Fig. 11). Kim et al. (2013) argued that the nitrogen ﬂux by TWC
ransport was  an order of magnitude greater than that by atmo-
pheric deposition and the increase in N* seems to be associated
ith TWC  transport.
Furthermore, the model result suggests that the N:P ratio or N*
n surface waters would be affected signiﬁcantly by biochemical
rocesses such as the nutrient uptake of dominant phytoplankton
ype or the excretion of zooplankton and bacteria (Table 8). Pre-
ious studies have shown that the internal N:P stoichiometry of
ooplankton and bacteria is fairly constant (Sterner and Elser, 2002)Physical process 13.00:1 0.00
Biochemical process 14.06 (13.42–15.87):1 0.03 (−0.01–0.14)
and it is easy to predict the changes in N* caused by the changes in
their biomass. But it is difﬁcult to predict the changes in N* by phy-
toplankton uptake as a function of biomass, because the internal
N:P stoichiometry of phytoplankton differs between PFTs (Quigg
et al., 2003; Finkel et al., 2009) and it is more ﬂexible (Kooijman
et al., 2004).
In this study, we addressed how the changes in the balance of
nutrient supply from outside alter the PFTs and N* in the upper
mixed layer. In the future, more studies are needed to investigate
the effect of the changes in balance of nutrient supply and the effect
of the internal N:P stoichiometry of phytoplankton comprehen-
sively to understand the cause of the increase in N* in the Ulleung
Basin.
5. Conclusions
We investigated the impacts of varying winter vertical mix-
ing and atmospheric deposition on the planktonic community
using a zero-dimensional ERSEM. The model results show that
the changes in winter vertical mixing had varying effects on the
competitive advantages of PFTs and thereby altered the succes-
sion process of PFTs in the upper mixed layer. With shallow winter
vertical mixing, the increased PAR and the decreased nutrient in
the upper mixed layer undermined the competitive advantage
of diatoms to the advantage of other PFTs. With the increase
in atmospheric deposition, the ﬂagellates and picophytoplankton
increased whereas the diatoms and dinoﬂagellates decreased. For
the study period 2001–2012, the atmospheric deposition in the
Ulleung Basin increased the annual mean of NPP by about 4.58%.
The relative contribution of vertical mixing, atmospheric deposi-
tion and TWC  transport was estimated at 59.10:2.83:38.07% for thelower MLD  in the Ulleung Basin may  result in a shift toward a
dominance of small phytoplankton such as ﬂagellates and pico-
phytoplankton and the increasing atmospheric deposition would
4 l Mode
a
o
m
g
S
t
s
o
t
p
A
e
M
W
f
P
m
K
o
2
p
D
A
t
1
R
A
B
B
B
B
B
B
B
C
C
D
D
D
D6 S. Lee, S. Yoo / Ecologica
mplify such changes. Certainly there are many shortcomings in
ur model set-up. These include the limitation of zero-dimensional
odels in general, parametrization of MLD  and uncertainties in bio-
eochemical parameters that are difﬁcult to measure in the ocean.
peciﬁcally our model cannot address the horizontal processes or
he event-scale turbulences that might be important in the winter-
pring period in the region. Notwithstanding these shortcomings,
ur study shows how the two important environmental changes in
he region, warming and atmospheric deposition, can inﬂuence the
lanktonic community.
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